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Abstract 
Myotonic dystrophy type 2 (DM2) is a kind o f hereditary neurological 
diseases resulted from CCTG repeat expansion in intron 1 o f the zinc finger protein 9 
gene. It has been suggested that slipped strand structures formed in D N A repeating 
tracts are critical for the expansion process during D N A replication. Yet no 
experimental structural results for CCTG repeats have been obtained. In this study, 
high-resolution nuclear magnetic resonance ( N M R ) spectroscopy has been used to 
determine the solution structural features o f (CCTG)n wi th n = 3—10. Our results 
shows that (CCTG)3 adopts a hairpin structure containing a two-residue CT-loop in 
the middle repeat and a flexible stem region. (CCTG)4 undergoes exchange between 
two major conformers: (i) a peculiar dumbbell structure containing two CT-loops in 
the 2nd and repeats and a stem wi th two C-bulges and a T-T mispair; ( i i ) a hairpin 
structure wi th a CT-loop in the repeat. For (CCTG)5_io, they also form structures 
containing CT-loops and undergo conformational exchange. These unusual structures 
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Abstract 
Myotonic dystrophy type 2 (DM2) is a kind of hereditary neurological 
diseases resulted from CCTG repeat expansion in intron 1 of the zinc finger protein 9 
gene. It has been suggested that slipped strand structures formed in DNA repeating 
tracts are critical for the expansion process during DNA replication. Yet no 
experimental structural results for CCTG repeats have been obtained. In this study, 
high-resolution nuclear magnetic resonance (NMR) spectroscopy has been used to 
determine the solution structural features of (CCTG)n with n = 3-10. Our results 
shows that (CCTG)3 adopts a hairpin structure containing a two-residue CT-loop in 
the middle repeat and a flexible stem region. (CCTG)4 undergoes exchange between 
two major conformers: (i) a peculiar dumbbell structure containing two CT-loops in 
the 2nd and repeats and a stem with two C-bulges and a T-T mispair; (i i) a hairpin 
structure with a CT-loop in the repeat. For (CCTG)5-io，they also form structures 
containing CT-loops and undergo conformational exchange. These unusual 
structures may occur during DNA replication, thus providing insights into the CCTG 
















Chapter One: Introduction 
1.1 Significance of DNA CCTG repeats 
Approximately twenty neurological degenerative diseases are caused by the 
expansion o f unstable D N A repeating sequence [1]. For example, myotonic 
dystrophy type 1 is induced by the unstable trinucleotide CTG repeats expansion [2,3] 
whereas spinocerebellar ataxia 10 is linked to the large expansion o f pentanucleotide 
ATTCT repeats [4]. For myotonic dystrophy type 2 (DM2), it is related to 
tetranucleotide CCTG repeats expansion in the first intron o f the zinc finger protein 9 
gene on chromosome 3q21 [5]. CCTG repeat expansion locates in a transcribed but 
untranslated portion o f its respective gene that results in the synthesis o f pathogenic 
RNAs [5]. It is suggested that pathogenic RNAs induce aberrant RNA-protein 
bindings, leading to neuronal and systemic dysfunction [1]. D M 2 is a dominantly 
inherited disease wi th seemingly unrelated and rare clinical features including 
myotonia, muscular dystrophy, cardiac conduction abnormalities and weakness [6,7]. 
In unaffected individuals, the largest allele was found to contain 26 CCTG repeats and 
usually consist o f TCTG and GCTG sequence interruptions. In D M 2 patients, the 
repeating sequences were found to expand to 75-11，000 repeats wi th the mean size o f 
5,000 without interruptions [5]. 
A possible mechanism relating to structure-mediated replication-based 
slippage has been used to explain the CCTG repeats expansion (Figure 1.1) [8,9]. 
Because D N A polymerase can only synthesize a new D N A strand in a 5' to 3' 
1 
direction, the polymerase synthesizes the D N A continuously in the leading strand 
template whereas short Okazaki fragments are synthesized in the lagging strand 
template during replication. The newly synthesized short single-stranded CCTG 
repeats have the possibility to slip and fold, thus leading to tetranucleotide repeat 
expansion. 
5’- C C T G C C T G C C T G 。 。 Z 。 
3 - G G A C G G A C G G A C o 〜 D 
X 乂 
X , % 了 
Figure 1.1 CCTG repeats on the nascent strand of the lagging strand template can form 
alternative non-B DNA structure by strand slippage and thus give rise to expansion during 
synthesis. 
1.2 Objectives of this work 
Several studies have shown that repeating sequences have the propensity to 
form non-B D N A conformations that render the repeat expansions within the tracts 
[8-11]. Recent experiments have suggested that CCTG and CAGG repeats have a 
tendency to form the slipped strand D N A structures [11,12]. As the structural 
features o f CCTG repeats have been proposed to contribute to the genetic instabilities 
in DM2, it is critical to understand the structures formed in CCTG repeating tracts. 
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Yet no experimental structural results for CCTG repeats have been obtained. In 
order to better understand the self-expansion process o f CCTG repeats, i t is important 
to know how CCTG repeating sequences behave in solution. The present study aims 
to investigate the solution structural features of CCTG repeating sequences with 
different number o f repeats using high-resolution nuclear magnetic resonance (NMR) 
spectroscopy. 
In order to facilitate the understanding o f this work, the fol lowing section 
provides some fundamental information of DNA structure. 
1.3 DNA structure 
DNA is a biopolymer composed of monomeric units called 
deoxyribonucleotides. These units are connected by ester bonds forming the 
sugar-phosphate backbone (Figure 1.2A). For each sugar, the carbon at the 1' 
position is attached with one of the four nucleobases, namely, adenine (A), guanine 
(G), cytosine (C) and thymine (T) (Figure 1.2B). The former two bases are purines 
and the latter two are pyrimidines. 
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Adenine (A) Guanine (G) Cytosine (C) Thymine (T) 
Figure 1.2 (A) The organization of a nucleotide unit in a polydeoxyribonucleotide chain. Each 
nucleotide unit is composed of a base, sugar and phosphate. (B) Structure and atom 
numbering of the four types of DNA nucleobases recommended by the lUPAC/lUB guidelines 
[13]. 
For canonical D N A Watson-Crick base pairs, A pairs with T through two 
hydrogen bonds, and G with C through three hydrogen bonds (Figure 1.3). Apart 
from Watson-Crick base pairs, a variety of different pairing modes between these 
nucleobases have also been reported [14-21]. 
— H - N “ N 丫 H h \ - H — • • … 。 N 丫 H 
H - f T N - H … " … n / a V " N \ H—N g V N 、 
Nugar Sugar 
Sugar O H Sugar q H -N 
Figure 1.3 T.A and C G Watson-Crick base pairs. 
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Chapter Two: Materials and Methods 
2.1 Sample design 
As an initial attempt to determine the structural features of CCTG repeats, 
(CCTG)n samples were designed to contain three to ten repeats (n = 3-10). For 
(CCTG)4，owing to the presence of conformational exchange and the ambiguity in the 
assignment of N M R signals, four single-site mutated sequences were prepared in 
order to unravel the structural features of the exchanging conformers. In these four 
mutated samples, the cytosine of the 3'''' and repeats of (CCTG)4， 
namely C2, C6, CIO and CI4，were substituted by a thymine and these sequences 
were named (CCTG)4-C2T，（CCTG)4-C6T，（CCTG)4-C10T and (CCTG)4-C14T， 
respectively (Figure 2.1). 
Sample Name Sequence 
(CCTG)4-C2T 5’_ CTTG CCTG CCTG CCTG -3’ 
(CCTG)4-C6T 5-- CCTG CTTG CCTG CCTG -3’ 
(CCTGVC10T 5’- CCTG CCTG CTTG CCTG -3’ 
(CCTGVC14T CCTG CCTG CCTG CTTG -3’ 
Figure 2.1 Naming and sequences of the four single-site mutated samples of (CCTG)4. 
2.2 Sample preparation 
Al l DNA sequences were synthesized using an Applied Biosystems model 394 
DNA synthesizer and purified using denaturing polyacrylamide gel electrophoresis 
and diethylaminoethyl Sephacel anion exchange column chromatography. Amicon 
5 
Ultra-4 centrifugal filter devices and Eppendorf 5804 R centrifuge were then used to 
remove the high salt contents. N M R samples were prepared by dissolving 0.5 |Limol 
purified DNA samples into 500 |xL buffer solution containing 150 m M sodium 
chloride, 10 m M sodium phosphate (pH 7.0), and 0.1 m M 2,2-dimethyl-2-silapentane 
-5-sulfonic acid (DSS). 
2.3 NMR spectroscopy 
A l l N M R experiments were performed using Bruker ARX-500 and AV-500 
spectrometers operating at 500.13 MHz and 500.30 MHz, respectively. For studying 
labile proton signals, the samples were prepared in a 90% H20/10% D2O solution. 
One-dimensional imino proton spectra were acquired using the water suppression by 
gradient-tailored excitation (WATERGATE) pulse sequence [22,23], and 
two-dimensional (2D) WATERGATE-nuclear Overhauser effect spectroscopy 
(NOESY) experiments were performed with a mixing time of 300 ms. For studying 
nonlabile proton signals, the solvent was exchanged with a 100% D2O solution. 2D 
NOESY with a mixing time of 300 ms, total correlation spectroscopy (TOCSY) with 
a mixing time o f 75 ms and double quantum filtered-correlation spectroscopy 
(DQF-COSY) were performed. For these 2D homonuclear experiments, 4K x 512 
data sets were collected. In general, the acquired data were zero-filled to give 4K x 
4K spectra with a cosine window function applied to both dimensions. 
For studying conformational exchange, 2D rotating-frame nuclear Overhauser 
6 
effect spectroscopy (ROESY) with a mixing time of 200 ms was performed. 4K x 
512 data sets were collected and zero-filled to give 4K x 4K spectra with a cosine 
window function applied to both dimensions. Cross peaks in ROESY spectra can be 
originated from mutual cross-relaxation of transverse magnetization or chemical 
exchange [24]. Cross peaks with opposite sign as the diagonal peaks suggest the 
corresponding nuclei are close in space whereas cross peaks wi th same sign as the 
diagonal peaks indicate that these nuclei undergo chemical exchange. In addition, 
2D 3ip_3ip exchange spectroscopy (EXSY) with a mixing time o f 200 ms was also 
performed. 4K x 256 data sets were collected and zero-filled to give 2K x 2K 
spectra wi th an E M window function applied to both dimensions. 
Backbone ^^P signals were assigned using 2D TOCSY and ^H-^'P 
heteronuclear single quantum coherence spectroscopy (HSQC) experiments. For 
HSQC, the and ^'P spectral widths were set to 10 and 5 ppm, respectively, and 2K 
X 256 data sets were collected. Zero-filling, baseline correction and cosine bell 
window function were applied to generate a 2K x 2K data matrix. ^^P chemical 
shifts were indirectly referenced to DSS using the derived nucleus-specific ratio o f 
0.404808636 [13]. 
2.4 Resonance assignment 
N M R proton resonance assignment methods have been well established 
[25-28]. In the H 6 / H 8 - H r fingerprint region o f NOESY spectrum, aromatic base 
7 
H6/H8 protons and sugar H I ' protons were assigned by the sequential connectivity 
between intra- and inter-nucleotide nuclear Overhauser effects (NOEs) along the 
D N A strand. Based on the H I ' assignment, H27H2", H3' and H4' protons were 
assigned by through-bond correlations using DQF-COSY and/or TOCSY spectra. In 
iH-3ip HSQC spectra, 3ip signals were assigned by their through-bond correlations 
with H3'. Guanine imino proton and cytosine amino protons in C.G Watson-Crick 
base pair were assigned by G imino-C amino and C amino-C H5 NOEs, respectively, 
in WATERGATE-NOESY spectra. 
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Chapter Three: NMR Structural Studies of (CCTG)3 
3.1 Overview 
CCTG repeating sequences containing only one or two repeat(s) are less prone 
to fold due to their instabilities. Therefore, we first focused on studying the solution 
structural features of (CCTG)3. Our NMR results showed that (CCTG)3 adopted a 
hairpin structure with a two-residue CT-loop in the middle repeat and a flexible stem 
region containing a C-bulge and a T.T mispair (Figure 3.1). Our data suggested that 
the stem underwent a dynamic slippage process such that the bulge site could be 
rearranged between C9 and CIO. The following sections provide NMR evidence 
supporting these structural features. 
1 2 3 4 5 6 1 2 3 4 5 ® 
5 C - O T - G - C , C 、 ^ 5 C - C - T - G - C ' ^ C v 
3 G - t - C G ^ t ^ 3 G - t Q ' ^ ^ V 
1 2 1 1 1 0 Q ^ 8 7 1 2 1 1 Q 9 8 7 
9 1 0 
Figure 3.1 (CCTG)3 folds into a hairpin structure with a two-residue CT-loop and a stem 
containing a C-bulge and a T.T mispair. The hairpin stem underwent a dynamic slippage 
process such that the bulge site could be rearranged between C9 and C10. 
3.2 NMR resonance assignments 
At 25 °C, only a single set of 'H resonances of (CCTG)3 was observed. The 
sequential assignment of the aromatic base and sugar protons was completed with the 
aid o f 2D NOESY experiment (Figure 3.2A). With the help of the WATERGATE 
9 
-NOESY experiment, C5 amino protons were observed at 0 °C, suggesting C5 forms a 
C.G base pair (Figure 3.2B). The broad G imino signals at ~13.2 ppm suggest the 
presence of Watson-Crick C.G base pairs in (CCTG)3 whereas the more upfield 
signals at ~11 ppm were assigned to T imino protons (Figure 3.2C). Both of these 
imino protons showed no NOEs with other protons in the WATERGATE-NOESY 
spectrum, implying the exchange rates with the solvent were not slow enough to 
observe them. 
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Figure 3.2 (A) 2D NOESY H6/H8-H1' fingerprint region of (CCTG)3 at 25 °C showing the 
sequential NOE connectivities. (B) 2D WATERGATE-NOESY amino-amino region of (CCTG>3 
at 0 °C. The labeled cross peaks are (a) C5 H5-C5 H6, (b) C5 H5-C5 NH42 and (c) C5 
NH41-C5 NH42. The appearance of C5 amino protons suggested C5 involves a C G base pair. 
(C) Imino proton region of (CCTG)3 at 0 °C. 
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3.3 Formation of two-residue CT-loop in the middle repeat of (CCTG)3 
The TOCSY spectrum o f (CCTG)3 (Figure 3.3A) shows that C6 H5 appears 
more downfield (6.13 ppm) than those of B - D N A (5.25-5.95 ppm) [29] and random 
coil D N A (5.80-6.05 ppm) [30]. Similarly, C6 H6 o f (CCTG)3 is also more 
downfield (8.09 ppm) than those o f B - D N A (7.15—7.60 ppm) [29] and random coil 
D N A (7.40-7.80 ppm) [30]. These unusually downfield chemical shifts agree wel l 
wi th those of a two-residue CT-loop [31], suggesting (CCTG)3 folded into a hairpin 
structure wi th a CT-loop (Figure 3.3B). I f the first residue of the loop is a 
pyrimidine, this loop is classified as a type I I loop such that C6 positions in the minor 
groove and is perpendicular to the base pairs of the stem and T7 stacks upon the stem 
region [31,32]. This unique chemical environment leads to the unusually downfield 
H5/H6 chemical shifts o f C6 and the upfield T7 imino signal (-11.0 ppm) (Figure 
3.3C) [31]. 
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Figure 3.3 (A) Cytosine H5-H6 cross peaks of (CCTG)3 in the TOCSY spectrum at 0 °C. (B) 
(CCTG)3 forms a hairpin structure with a CT-loop in the middle repeat. (C) Imino proton region 
and (D) signals of (CCTG)3 at 0 
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The 3ip signal of C6p in (CCTG)3 is more upfield (-5.4 ppm) than those of 
B -DNA (-4.6 - -3.0 ppm) [29] and random coil DNA (-3.87 - -4.15 ppm) [33] 
whereas the ^'P signal of C5p is relatively downfield (-3.3 ppm) (Figure 3.3D). 
These unusual C5p and C6p chemical shifts are also consistent with the previous 
findings on CT-loop [31]. The unusual ^'P chemical shift of C5p arises from the 
different backbone orientation between C5 and the loop residue C6 whereas the 
1 
unusual P chemical shift of C6p arises from the local geometry of the backbone 
between C6 and T7 [31]. 
The formation of CT-loop suggests that C5 and G8 form a C.G closing-loop 
base pair. The C5 bonded and non-bonded amino protons NOEs (Figure 3.2B) and 
the G imino signals at ~13.2 ppm agree well with the formation of C5.G8 base pair 
(Figure 3.3C). 
3.4 C-bulge and T T mispair in (CCTG)3 hairpin stem region 
Our N M R results suggest that strand rearrangement occurs in (CCTG)3 hairpin 
such that both the C9-bulged and ClO-bulged states are present (Figure 3.4A). The 
C9-bulged state is evidenced by the unusual G8 H2VH2"-C10 H6 and G8 H8-C10 
H5 NOEs (Figure 3.4B) [34-36]. The C9-bulged state also explains why C9 
H l ' - C l O H6 NOE was not observed in the NOESY spectrum (Figure 3.2A). C9 can 
be rearranged to the stacked state, which is supported by the sequential G8-C9 NOEs, 
namely, G8 H l ' - C 9 H6, G8 H2VH2"-C9 H6 and G8 H8-C9 H5 (Figure 3.4B) 
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whereas CIO forms a bulge. In addition, the broad H5 and H6 signals o f both C9 
and CIO leads to reduced intensities of the TOCSY H5-H6 cross peaks (Figure 3.5)， 
veri fying the presence of exchange between the bulged and stacked states. 
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Figure 3.4 (A) Conformational exchange between the C9-bulged (left) and C10-bulged (right) 
states in (CCTGh hairpin. (B) At 25 °C, the sequential G8-C9 NOEs suggest C9 is in the 
stacked state whereas the unusual G8-C10 NOEs support C9 is in the bulged state. 
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Figure 3.5 Cytosine H5-H6 cross peaks of (CCTG)3 in the TOCSY spectrum at 2 0 � C . 
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Owing to the exchange between the C9-bulged and ClO-bulged states in 
(CCTG)3 hairpin, the broad G imino signals at -13.2 ppm (Figure 3.3C) probably 
composed o f (i) the G8 imino o f C5 G8 base pair, and (i i) the exchanging G4 imino 
when it pairs up with C9 when CIO forms a bulge as well as wi th CIO when C9 forms 
a bulge. 
In both the C9- and ClO-bulged states, T3 and T i l form a wobble T.T mispair 
wi th the possible pairing modes shown in Figure 3.6A [19-21]. The broad and 
upfield imino signals at 〜10.9 and 11.1 ppm (Figure 3.6B) probably come from T3 
and T i l as suggested by their participation in forming hydrogen bonds in the 
proposed T.T pairing modes. 
( A ) H J^Ha。 H 1 (已)1 2 3 4 5 6 . . 3 . . e 
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丨丨 n w Ijj H 12 11 IOQ'B 7 12 1 1 Q 9 8 7 
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G4 
H ^ n T ' H G8 T3/T7/T11 
I Ji 13 12 11 ppm 
Figure 3.6 (A) Possible pairing modes of wobble T-T mispair [19-21]. (B) Assigned imino 
region of (CCTG)3 at 0 °C. 
3.5 Summary 
(CCTG)3 adopts a hairpin structure containing a two-residue CT-loop in the 
middle repeat, which is evidenced by CT-loop characteristic N M R peaks. The stem 
region contains a T.T mispair and a C-bulge which undergoes exchange between the 
C9 and CIO. 
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Chapter Four: NMR Structural Studies of (CCTG)4 
4.1 Overview 
Through studying the solution structures of (CCTG)3，we showed that CCTG 
repeat is capable to form a hairpin structure with a flexible stem and a two-residue 
CT-loop in the middle repeat. In this chapter, we aimed at studying the solution 
structures of (CCTG)4. Our NMR results showed that (CCTG)4 underwent 
conformational exchange (Figure 4.1) between (i) a peculiar dumbbell structure 
containing two CT-loops in the and repeats and a stem with a CI-bulge, a 
C9-bulge and a T3.T11 mispair, and (ii) a hairpin structure in which the repeat is 
involved in forming a CT-loop. The following sections provide the N M R evidence 
supporting these structural findings. 
1 
3 4 5 i 1 2 3 4 5 6 7 8 9 J：^  
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Figure 4.1 Solution structure of (CCTG)4. Two exchanging conformers are present. 
4.2 Conformational exchange in (CCTG)4 
At 25 °C, conformational exchange was observed in (CCTG)4 as suggested by 
the appearance of the broad aromatic base proton peaks, and the broadening was more 
obvious at lower temperatures (Figure 4.2A). The presence of conformational 
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exchange was confirmed by the appearance o f the cross peaks in 2D ^'P-^^P EXSY 
spectrum (Figure 4.2B) and the cross peaks wi th same sign as the diagonal peaks in 
2D 丨H-1h ROESY spectrum (Figure 4.2C). 
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Figure 4.2 (A) Aromatic base proton peaks of (CCTG)4 at 25 °C, 15 °C and 5 °C. 
Conformational exchange of (CCTG)4 was evidenced by the presence of the cross peaks in 
the 2D spectra of (B) ^V-^V EXSY and (C) ^H-'H ROESY at 0 °C. 
4.3 Formation of two-residue CT-loops in different repeats of (CCTG)4 
Although conformational exchange was found in (CCTG)4, N M R 
characteristics o f two-residue CT-loop were stil l observed [31]. A t 0 °C, a cytosine 
H 5 - H 6 cross peak wi th unusually downfield H5 and H6 chemical shifts at 6.13 ppm 
and 8.11 ppm, respectively, was observed in the TOCSY spectrum (Figure 4.3A). 
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Upon raising the temperature, this H6 signal moved upfield and split into two (Figure 
4.3B), indicating more than one repeat were involved in the formation o f CT-loops. 
1 7 1 
The characteristic P signals o f two-residue CT-loop, wi th a relative downfield P 
signal o f pCT (-3.2 ppm) and unusually upfield ^'P signal o f CpT (-5.4 ppm) at 0 °C, 
were also observed in (CCTG)4 (Figure 4.3C) [31]. These ^'P signals split into two 
at higher temperatures, confirming that (CCTG)4 possesses CT-loops in different 
repeats. 
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Figure 4.3 (A) Cytosine H5 H6 cross peaks of (CCTG)4 in the TOCSY spectrum at 0 °C. (B) 
Aromatic base proton peaks and (C) signals of (CCTG)4 at variable temperatures. 
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4.4 Mutational studies of (CCTG)4 
The broad peaks due to conformational exchange preclude the direct 
sequential resonance assignment of (CCTG)4. In order to identify which repeats are 
involved in forming two-residue CT-loops, four single-site mutated samples were 
prepared in which the cytosine in the and repeats of (CCTG)4 were 
substituted by a thymine, respectively. Given the characteristic peaks of TT-loop 
appear, e.g. T H6, T H7 and ^'P exhibiting unusual chemical shifts [37], the 
corresponding mutated repeat should be involved in forming a two-residue loop. 
4.4.1 Mutational studies on the repeat of (CCTG)4: (CCTG)4-C2T 
At 25 °C, the aromatic base proton peaks of (CCTG)4-C2T were quite broad 
and the broadening was more obvious at lower temperatures (Figure 4.4A). 2D 
3ip_3ip e X S Y was performed and the exchange process was confirmed by the 
presence of the cross peaks (Figure 4.4B). 
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Figure 4.4 (A) Aromatic base and methyl proton peaks of (CCTG)4-C2T at 25 °C, 15 °C and 5 
°C. (B) Conformational exchange of (CCTG)4-C2T was evidenced by the presence of the cross 
peaks in 2D 3ip_3ip exSY spectrum at 0 °C. 
The peak broadening due to exchange precludes the observation o f any 
distinct downfield T H6 and T H7 which are characteristics ' H signals o f TT-loop [37] 
n 1 
(Figure 4.4A). The upfeild and/or downfield P signals - the characteristic o f 
TT-loop were observed (Figure 4.5A), suggesting the 产 repeat is less prone to form a 
two-residue loop. On the other hand, two sets o f characteristic H and P signals o f 
o 1 
CT-loops were observed, including (i) the unusual P signals at 3.2 and 5.5 ppm 
(Figure 4.5A) and ( i i ) the unusually downfield C H5 H6 TOCSY cross peaks (Figure 
2 0 
4.5B), indicating the sequence forms CT-loops in other repeats rather than in the first. 
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Figure 4.5 (A) signals of (CCTG)4-C2T at 0 °C. (B) Cytosine H5 H6 cross peaks of 
(CCTG)4-C2T in the TOCSY spectrum at 0 °C. 
4.4.2 Mutational studies on the repeat of (CCTG)4: (CCTG)4-C6T 
A t 25 °C, only a single set o f ' H resonances o f (CCTG)4-C6T was observed. 
The sequential assignment o f the aromatic base and sugar protons was completed wi th 
the aid o f 2D N O E S Y experiment (Figure 4.6A). The imino and amino protons were 
assigned using the WATERGATE-NOESY spectrum at 0。C (Figure 4.6B). 
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Figure 4.6 (A) 2D NOESY H6/H8-H1 ‘ fingerprint region of (CCTG)4-C6T at 25。C showing the 
sequential NOE connectivities. (B) Imino and amino assignments of (CCTG)4-C6T in 2D 
WATERGATE-NOESY at 0 °C. Four C.G base pairs, C2 G12, C5.G8, C10.G4 and C13.G16, 
are formed. 
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In (CCTG)4-C6T, C5-G8 and C13-G16 base pairs were formed as evidenced 
by (i) the appearance and the chemical shifts of G8 and G16 imino signals and ( i i ) 
their NOEs wi th C5 and C13 amino, respectively, in their 2D WATERGATE-NOESY 
spectrum (Figure 4.6B). The formation o f these two base pairs suggests that T6 and 
T7 in the repeat form a TT-loop, and C M and T15 in the repeat form a CT-loop 
(Figure 4.7A). The TT-loop was further supported by (i) the unusually downfield T6 
H6 (8.00 ppm) and T6 H7 (2.06 ppm) (Figure 4.7B)，and (i i) the relatively downfield 
C5p 3ip peak (—3.2 ppm) and more upfield T6p ^'P peak (-6.0 ppm) (Figure 4.7C) 
[37]. The CT-loop was supported by (i) the unusually downfield C14 H5 (6.13 ppm) 
and C14 H6 (8.10 ppm) (Figure 4.7D), and (i i) the unusual C13p (—3.2 ppm) and 
C14p (—5.4 ppm) 3ip signals (Figure 4.7C). The stacked T7 and T15 o f the loops 
give their imino signals at -11.0 ppm (Figure 4.7E), which is consistent wi th our 
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Figure 4.7 (A) (CCTG)4-C6T adopts a dumbbell structure with a TT-loop in the repeat and 
a CT-loop in the repeat. (B) Thymine H6-H7 cross peaks of (CCTG)4-C6T in the NOESY 
spectrum at 0 � C . (C) signals of (CCTG)4-C6T at 0 °C. (D) Cytosine H5-H6 cross peaks of 
(CCTG)4-C6T in the TOCSY spectrum at 0 °C. (E) Imino region of (CCTG)4-C6T at 0。C. 
For (CCTG)4-C6T，the presence of the unusual NOEs between G16 and C2 
(Figure 4.8A，peak a, b, c and d) implies that G16 and C2 stack well upon each other 
via intra-molecular 3 -5 ' terminal stacking interactions [38], suggesting CI is not 
stacked within the helix. Similarly, the presence of the unusual NOEs between G8 
and CIO (Figure 4.8B, peak e, f, g and h) implies C9 forms a bulge [34-36]. 
Moreover, the formation of C2-G12, C5.G8，C10.G4 and C13.G16 base pairs as 
evidenced by their corresponding G imino signals (Figure 4.6B) confirms the 
2 4 
presence of the bulged Cl and C9 in the stem region. 04-08 imino-imino NOEs 
(Figure 4.8C) suggest CS'08 and ClO'04 base pairs stack well upon each other in the 
stem region, even though they are adjacent to the C9-bulge. 
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Figure 4.8 (A) NOEs of G16-C2 of (CCTG)4-C6T in the NOESY spectra at 25 °C. The 
assigned NOEs are (a) G16 H1'-C2 H6, (b) and (c) G16 H2'/H2"-C2 H6, (d) G16 H8-C2 H5, 
indicating C1 forms a bulge. (8) NOEs of G8-C1 0 of (CCTG)4-C6T in the NOESY spectra at 
25 °C. The assigned NOEs are (e) G8 H1 '-C1 0 H6, (f) and (g) G8 H2'/H2"-C10 H6, (h) G8 
H8-C10 H5, indicating C9 forms a bulge. (C) Imino-imino NOEs of G4-G8 of (CCTG)4-C6T in 
the WATERGATE-NOESY spectrum at 0 °C. The NOEs suggest C5·G8 and C10'G4 base 
pairs stack well with each other. 
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As C2-G12 and C10.G4 base pairs were formed in the stem region, T3 and 
T i l were confined by these two base pairs and thus forming a wobble T-T mispair 
which stacks well within the stem. The base-base NOEs of T3 H6-G4 H8 and T i l 
H6-G12 H8 (Figure 4.9) was observed; such NOEs are expected when the T-T 
mispairs in the stem are stacked with the two neighboring C G pairs. This finding is 
consistent with the previous study on trinucleotide CTG repeats that wobble T-T 
mispairs form in the stem and are well stacked in the helix [39-42]. In addition to T7 
and T15 in the two-residue loops, the T imino signals at ~11 ppm were also 
contributed by the imino protons of T3-T11 mispair (Figure 4.7E). 
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Figure 4.9 Base-base NOEs of (CCTG)4-C6T in the NOESY spectrum at 15�C. 
4.4.3 Mutational studies on the repeat of (CCTG)4: CCTG)4-C10T 
At 25 °C, the aromatic base proton peaks of (CCTG)4-C10T were quite broad 
and the broadening was more obvious at lower temperatures (Figure 4.1 OA). 2D 
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3ip-3ip EXSY was performed and the exchange process was confirmed by the 
presence o f the cross peaks (Figure 4.1 OB). 
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Figure 4.10 (A) Aromatic base and methyl proton peaks of (CCTG)4-C10T at 25 °C, 15 °C and 
5 °C. (B) Conformational exchange of (CCTG)4-C10T was evidenced by the presence of the 
cross peaks in 2D ^V-^V EXSY spectrum at 0 °C. 
The peak broadening due to exchange precludes the observation o f any 
distinct downfield T H6 and T H7 signals o f TT-loop (Figure 4.1 OA). However, a 
t iny upfield TlOp ^^P signal was observed at —6.0 ppm (Figure 4.11 A) , indicating 
there is a minor conformer wi th a TT-loop in the repeat [37]. 
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Figure 4.11 (A) signals of (CCTG)4-C10T at 0 °C. (B) Cytosine H5-H6 cross peaks of 
(CCTG)4-C10T in the TOCSY spectrum at 0 °C. 
In addition to a minor conforaier wi th a TT-loop, a major conformer 
containing two CT-loops was also observed. This was supported by (i) the unusual 
3ip signals at —3.2 and 5.5 ppm (Figure 4.11 A ) and (i i) two sets o f unusually 
downfield C H5 (6.13 ppm and 6.18 ppm) and C H6 (8.12 ppm and 8.18 ppm) (Figure 
4.11B). In (CCTG)4-C 1 OT, the major conformer contains two loops in the and 
repeats and the minor conformer contains a two-residue loop in the repeat. 
4.4.4 Mutational studies on the 4(卜 repeat of (CCTG)4: (CCTG)4-C14T 
At 25 °C, only a single set o f ' H resonances o f (CCTG)4-C14T was observed. 
The sequential assignment o f the aromatic base and sugar protons was completed wi th 
the aid o f 2D NOESY experiment (Figure 4.12A). The imino and amino protons 
were assigned using the WATERGATE-NOESY spectrum at 0 °C (Figure 4.12B). 
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Figure 4.12 (A) 2D NOESY H6/H8-H1'fingerprint region of (CCTG)4-C14T at 25 °C showing 
the sequential NOE connectivities. (B) Imino and amino assignments of (CCTG)4-C14T in 2D 
WATERGATE-NOESY at 0 °C. Four C.G base pairs, C2.G12, C5 G8, C10.G4 and C13.G16, 
are formed. 
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In (CCTG)4-C14T，C5-G8 and C13 G16 base pairs were formed as evidenced 
by (i) the appearance and the chemical shifts of G8 and G16 imino signals and (i i) 
their NOEs wi th C5 and CI3 amino respectively, in their 2D WATERGATE NOESY 
spectrum (Figure 4.12B). The formation of these two base pairs suggests that C6 
and T7 loop in the repeat form a CT-loop and T14 and T15 in the repeat form a 
TT-loop (Figure 4.13A). The TT-loop was further supported by (i) the unusually 
downfield T14 H6 (7.99 ppm) and T14 H7 (2.05 ppm) (Figure 4.13B), and (i i) the 
relatively downfield C13p ^'P peak (—3.2 ppm) and more upfield T14p ^'P peak (-5.9 
ppm) (Figure 4.13C). The CT-loop was supported by (i) the unusually downfield C6 
H5 (6.12 ppm) and C6 H6 (8.09 ppm) (Figure 4.13D) and the unusual C5p (—3.2 ppm) 
and C6p (—5.4 ppm) ^'P signals (Figure 4.13C). The stacked T7 and T15 o f the 
loops give their imino signals at -11.0 ppm (Figure 4.13E)，which is consistent wi th 
our observations on (CCTG)3 and (CCTG)4-C6T. 
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Figure 4.13 (A) (CCTG)4-C14T adopts a dumbbell structure with a CT-loop in the 2"。repeat 
and a TT-loop in the repeat. (B) Thymine H6-H7 cross peaks of (CCTG)4-C14T in the 
NOESY spectrum at 0 (C) ^V signals of (CCTG)4-C14T at 0 °C. (D) Cytosine H5-H6 cross 
peaks of (CCTG)4-C14T in the TOCSY spectrum at 0 °C. (E) Imino region of (CCTG)4-C14T at 
0 X . 
For (CCTG)4-C14T，the presence of the unusual NOEs between G16 and C2 
(Figure 4.14A, peak a, b，c and d) implies that G16 and C2 stack wel l upon each other 
via intra-molecular 3 - 5 ' terminal stacking interactions [38]，suggesting C I is not 
stacked within the helix. Similarly, the presence of the unusual NOEs between G8 
and CIO (Figure 4.14B, peak e, f and g) implies C9 forms a bulge [34-36]. 
Moreover, the formation of C2-G12, C5-G8, C10.G4 and C13-G16 as evidenced by 
their corresponding G imino signals (Figure 4.12B) confirms the presence of the 
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bulged Cl and C9 in the stem region. G16-G12 and/or G8-G4 imino-imino NOEs 
(Figure 4.l4C) show that the C'G base pairs stack well upon each other in the stem 
region, even though they are adjacent the Cl- and/or C9-bulges. 
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Figure 4.14 (A) NOEs of G16-C2 of (CCTG)4-C14T in the NOESY spectra at 25 °C. The 
assigned NOEs are (a) G16 H1'-C2 H6, (b) and (c) G16 H2'/H2"-C2 H6, (d) G16 H8-C2 H5, 
indicating C1 forms a bulge. (8) NOEs of G8-C10 of (CCTG)4-C14T in the NOESY spectra at 
25 °C. The assigned NOEs are (e) G8 H1 '-C1 0 H6, (f) G8 H2'/H2"-C10 H6, (g) G8 H8-C10 
H5, indicating C9 forms a bulge. (C) Imino-imino NOEs of G4-G8 and/or G16-G12 of 
(CCTG)4-C14T in the WATERGATE-NOESY spectrum at 0 °C. The NOEs suggest C'G base 
pairs stack well with each other. 
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As C2.G12 and C10-G4 base pairs were formed in the stem region, T3 and 
T i l were confined wi th in these two base pairs and thus forming a wobble T.T mispair. 
The base-base NOEs o f T3 H6-G4 H8 and T i l H6-G12 H8 (Figure 4.15) was 
observed; such NOEs are expected when the T.T mispairs in the stem are stacked wi th 
the two neighboring C.G pairs. In addition to T7 and T15 in the two-residue loops, 
the T imino signals at ~11 ppm were also contributed by the imino protons o f T3.T11 
mispair (Figure 4.13E). This f inding is consistent wi th our observations on 
(CCTG)4-C6T. 
ppm 
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 ppm 
H6/H8 
Figure 4.15 Base-base NOEs of (CCTG)4-C14T in the NOESY spectrum at 15 °C. 
4.5 Summary 
By means of the single-site mutational studies, (CCTG)4 was found to undergo 
conformational exchange between two conformers (Figure 4.16A): (i) a peculiar 
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dumbbell structure containing two CT-loops in the and repeats, and (i i) a 
hairpin structure in which the repeat is involved in forming a CT-loop. The imino 
proton region o f (CCTG)4 also agree wi th these structural findings (Figure 4.16B). 
The four peaks at 13.0-13.4 ppm belong to G imino protons involving in C G base 
pairs. The broad peak at 〜11 ppm corresponds to T imino protons contributed by T7 
and T15 o f the two CT-loops and T3 and T i l of the wobble T-T mispairs. The line 
shapes and chemicals shifts o f these imino peaks agree wel l wi th those observed in 
the mutated samples o f CCTG)4-C6T (Figure 4.16C) and (CCTG)4-C14T (Figure 
4.16D). 
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Figure 4.16 (A) (CCTG)4 undergoes conformational exchange between a dumbbell structure 
and a hairpin structure. Imino regions of (B) (CCTG)4, (C) (CCTG)4-C6T and (D) 
(CCTG)4-C14T at 0 °C. 
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Chapter Five: Conclusions and Future Works 
In this study, high-resolution NMR investigations were performed to 
determine the structure features of the CCTG repeating sequence with different repeat 
length. (CCTG)3 adopts a hairpin structure containing a two-residue CT-loop in the 
middle repeat and a flexible stem region. (CCTG)4 undergoes exchange between 
two conformers: (i) a peculiar dumbbell structure containing two CT-loops in the 
and 4th repeats, and a stem with two cytosine bulges and a wobble T.T mispair, and (i i) 
a hairpin structure in which the repeat is involved in forming a CT-loop. Owing 
to the exchangeable nature of these conformers, it w i l l not be feasible to carry out 
N M R structural calculation on these repeats. Chemical modifications on these 
repeats may be needed to inhibit the conformational exchange so that the solution 
structural calculation can be performed. 
For (CCTG)n with longer repeats (n=5-10), the conformational exchange and 
the two-residue CT-loop features were also observed. The exchange process was 
supported by the broad aromatic base proton peaks (Figure 5.1 A) and the cross peaks 
in 2D EXSY spectra (Figure 5.IB). The two-residue CT loop was evidenced 
by the unusually downfield cytosine H5-H6 TOCSY peak (Figure 5.2A) and the 
unusual pCT and CpT ^'P signals (Figure 5.2B). 
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Figure 5.1 (A) Aromatic base proton peaks of (CCTG)5_io at 25 °C. (B) Conformational 
exchange of (CCTG)5_io was evidenced by the presence of the cross peaks in 2D ^V-^V 
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Figure 5.2 (A) Cytosine H5-C H6 cross peaks of (CCTG)5_io in the TOCSY spectra at 0 °C. (B) 
31P signals of (CCTG)5_io at 0 °C. 
Additional N M R experiments and/or mutational studies are required to 
unravel which repeats are involved in the formation of CT-loops of (CCTG)5-io. 
Further structural findings w i l l reveal the structural features o f CCTG repeats in a 
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